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Summary 
Tin-lead (Sn-Pb) solders have been widely utilized in the electronics industry in the 
past few decades due to their unique properties such as low melting point, ability to wet 
substrate and good mechanical properties. However, in recent years, increasing 
environmental and health concerns over the use of toxic Pb, coupled with strict 
legislations on the ban of Pb usage in consumer electronics has been the driving force in 
the development of new lead-free solder alloys. The primary focus is to develop a new 
generation of interconnect materials that is equipped with a combination of good 
mechanical, electrical and thermal properties, in order to fulfill the ever-stricter service 
requirements.   
In this project, a new generation of lead-free (Sn96.5-Ag3.5) composite solders was 
developed to address the above-mentioned issues. Composite approach was used to 
improve the service performance of conventional solders. In the first stage of this study, 
processing methodology was optimized. Afterwards, three new lead-free composite 
solders were successfully synthesized using the powder metallurgy method incorporating 
microwave sintering route. Non-coarsening reinforcements (nano-size Cu and SnO2 
particulates) were intentionally incorporated into the solder matrix. Characterization 
studies were then carried out to determine the physical, thermal, microstructural and 
mechanical properties of the composite solders. Composite solders containing nano 
copper particulates were found to yield the best overall properties.  
Characterization results in this project convincingly established that composite 
technology in electronic solders can lead to simultaneous improvement in thermal 
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performance (in terms of lower coefficient of thermal expansion) and mechanical 
performance (in terms of better microhardess and tensile properties). A threshold addition 
of reinforcements was observed to aid in optimizing the properties of the composite 
solder. These advanced interconnect materials have the potential to benefit the electronic 
packaging and assembly industry. 
Particular emphasis was also placed to establish the relationship between varying 


















           
Development of Lead-Free Nanocomposite Solders for Electronic Packaging x 
LIST OF FIGURES 
Figure 1.1 IC and wafer level packaging trend [1]. 
 
Figure 2.1 The processing sequence of powder metallurgy technique. 
Figure 2.2 Three main reasons for using powder metallurgy. The intersection of the 
circles indicates an ideal area for applying powder metallurgy in the future 
[adapted from Ref. 76]. 
Figure 2.3 Schematic diagram showing the thermocompression bonding process. 
Figure 2.4 Schematic diagram showing the thermosonic bonding process. 
Figure 2.5 Schematic diagram showing the ultrasonic bonding process. 
 
Figure 3.1 An argon-filled glovebox used in this study. 
Figure 3. 2 RETSCH PM-400 mechanical alloying machine used in this study. 
Figure 3.3 Photographs showing: (a) 35 mm diameter compacted billet, sprayed with 
graphite coating and (b) 7 mm diameter extruded rod. 
Figure 3.4 Schematic diagram of experimental setup used in this study. 
 
Figure 4.1 Representative FESEM micrographs showing grain morphology of Sn-
3.5Ag in: (a) microwave sintered, (b) conventionally sintered and (c) 
unsintered samples. 
Figure 4.2 Distribution of: (a) grain area and (b) pore area in microwave sintered, 
conventionally sintered and unsintered samples. 
 
           
Development of Lead-Free Nanocomposite Solders for Electronic Packaging xi 
Figure 4.3 Representative FESEM micrographs showing pore morphology of Sn-
3.5Ag in: (a) microwave sintered, (b) conventionally sintered and (c) 
unsintered samples. 
Figure 4.4 X-ray diffractograms of Sn-3.5Ag synthesized using different sintering 
methodologies. 
 
Figure 5.1 Representative FESEM micrographs showing microstructure of: (a) 
monolithic Sn-3.5Ag and (b) Sn-3.5Ag/2.5 Cu. 
Figure 5.2 Distrubution of grain area in monolithic Sn-3.5Ag and Sn-3.5Ag/Cu 
composite samples. 
Figure 5.3 X-ray diffractograms of monolithic Sn-3.5Ag and Sn-3.5Ag/Cu composite 
samples. 
Figure 5.4 Representative FESEM micrographs showing distribution of nano Cu 
particulates in: (a) Sn-3.5Ag/1 Cu and (b) Sn-3.5Ag/2.5Cu samples. 
Figure 5.5 Representative FESEM micrographs of the tensile fracture surface of: (a) 
monolithic Sn-3.5Ag and (b) Sn-3.5Ag/2.5 Cu. 
 
Figure 6.1 Representative FESEM micrographs showing microstructure of: (a) 
monolithic Sn-3.5Ag and (b) Sn-3.5Ag/0.7 SnO2. 
Figure 6.2 Representative FESEM micrograph showing distribution of nano SnO2 
particulates on fracture surface of Sn-3.5Ag/0.7 SnO2. 
Figure 6.3 X-ray diffractograms of monolithic Sn-3.5Ag and composite Sn-3.5Ag/0.7 
SnO2 samples. 
 
           
Development of Lead-Free Nanocomposite Solders for Electronic Packaging xii 
Figure 6.4 Representative FESEM micrographs showing pores morphology of: (a) Sn-






















           
Development of Lead-Free Nanocomposite Solders for Electronic Packaging xiii 
LIST OF TABLES 
Table 2.1 Important properties of solder alloys [17]. 
Table 2.2 Existing solder composites. 
 
Table 3.1 Description of monolithic solders systems synthesized for this study. 
Table 3.2 Description of composite solders systems synthesized for this study. 
Table 4.1 Results of density and porosity measurements. 
Table 4.2 Morphological characteristics of grains and pores. 
Table 4.3 Characteristics of Ag3Sn phase. 
Table 4.4 Results of tensile properties. 
Table 5.1 Density, porosity, CTE and interparticle spacing of Sn-3.5Ag and Sn-
3.5Ag/Cu nanocomposites. 
Table 5.2 Results of mechanical properties of Sn-3.5Ag and Sn-3.5Ag/Cu 
nanocomposites. 
Table 6.1 Results of density, porosity and pores aspect ratio. 









           
Development of Lead-Free Nanocomposite Solders for Electronic Packaging xiv 
Publications 
Below is a list of references where part of the results from this thesis has been published 
in international journals or presented at conferences. 
 
International Journals 
1. P. Babaghorbani and M. Gupta, "Enhancing the Mechanical Response of a Lead-
Free Solder Using an Energy-Efficient Microwave Sintering Route", Journal of 
Electronic Materials, Vol. 37, No. 6, pp. 860-866, 2008. 
 
2. P. Babaghorbani, S. M. L. Nai and M. Gupta, "Development of Lead-Free Sn-
3.5Ag/SnO2 Nanocomposite Solders", Journal of Materials Science-Materials in 
Electronics, in press, 2008. 
 
3. P. Babaghorbani, S. M. L. Nai and and M. Gupta, "Integrating Copper in 
Nanolength Scale with Sn-3.5Ag Solder to Develop High Performance 
Nanocomposites", Journal of Materials Science and Technology, in press, 2008. 
 
4. P. Babaghorbani, S. M. L. Nai and and M. Gupta, "Reinforcements at Nanometer 
Length Scale and the Electrical Resistivity of Lead-Free Solders", Journal of Alloys 
and Compounds, in press, 2008. 
 
International Conferences 
1. P. Babaghorbani and M. Gupta, "Effect of Microwave and Conventional Sintering on 
the Tensile Properties of a Sn-3.5Ag Lead-Free Solder", In: Proceedings of the 16th 
International Conference on Processing and Fabrication of Advanced Materials 
(PFAM XVI), pp.102-109, 2007. 
 
2. P. Babaghorbani and M. Gupta, "Enhancing Mechanical Properties of Lead-Free 
Solder Using Nano Cu Particulates", In: Proceedings of the16th International 
Conference on Processing and Fabrication of Advanced Materials (PFAM XVI), pp. 
161-170, 2007. 
 
3. S. M. L. Nai, M. E. Alam, X. L. Zhong, P. Babaghorbani, J. V. M. Kuma and M. 
Gupta, " Using Microwave Assisted Powder Metallurgy Route and Nano-size 
Reinforcements to Develop High Strength Lead-free Solder Composites", 
MS&T’08, October 5th-9th, Pennsylvania, USA. 
 
           
Development of Lead-Free Nanocomposite Solders for Electronic Packaging xv 
4. P. Babaghorbani and M. Gupta, "Effect of Processing Methodology on 
Microstructure and Mechanical Properties of Sn-3.5Ag Solder", ASME IMECE 
2008, October 31st–November 6th, Massachusetts, USA (Paper No.: IMECE2008-
66308). 
5. P. Babaghorbani, S. M. L. Nai and M. Gupta, "Development of Lead-Free 
Nanocomposite Solders Using Oxide Based Reinforcement", ASME IMECE 2008, 
















































          Introduction 
Chapter 1   
 Introduction 
 
In the electronic packaging industry, solders play a crucial role as an interconnect 
material [1]. As a joining material, solder provides electrical, thermal and mechanical 
continuity in electronics assemblies. The performance and quality of the solder are crucial 
to the integrity of a solder joint, which in turn is vital to the overall functioning of the 
assembly.  
For years, tin-lead (Sn-Pb) solders have been used extensively as interconnect 
materials. However, environmental concerns over the use of Pb, which is inherently toxic, 
have led to the banning of Pb usage in electronics manufacturing by the US, Japan and 
countries in the European Union. This has prompted the development of Pb-free solders, 
and has enhanced the research activities in this field [1-8]. These lead-free solders are 
mostly based on Sn-containing binary and ternary alloys. Among the new generation of 
lead-free solders being developed, Sn-3.5 wt.% Ag alloy used in this study has immense 
potential because of its good wettability, higher strength, and superior resistance to creep 
and thermal fatigue when compared to the eutectic Pb-Sn solder [1, 9-12]. 
Moreover, through the years, as micro-/nano-systems technologies are advancing, 
the size of electrical components is shrinking leading to an increase in the number of 
input/output terminals (see Fig. 1). As a consequence, the numbers of solder joints per 
package have increased while the dimensions of the solder joints have decreased. For the 
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solder joints with reduced dimension to stay functional, powerful, and reliable necessitates 
the development of a new generation of interconnection materials.  
One potentially viable and economically affordable approach to improve the 
microstructure stability and mechanical properties of a solder, is the addition of secondary 
particles to a solder matrix so as to form a composite solder. The presence of the second 
phases has been shown to trigger the microstructural mechanisms that enhances the 
reliability of the solder joints [13-15].  
 
 
Figure 1.1 IC and wafer level packaging trend [1]. 
 
Accordingly, the aim of this study was development of high performance lead-free 
composite solders. In this study three new solder composite systems were synthesized. A 
lead-free solder was reinforced with three different non-coarsening reinforcements, 
namely copper particulates and tin oxide particulates at the nanometer length scale. 
Characterization studies were conducted to assess the physical, microstructural, thermal 
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and mechanical properties of the monolithic solder and composite formulations. Particular 
emphasis was placed on correlating the increasing presence of reinforcements with the 
properties of the resultant composites. It is envisioned that the addition of reinforcements 
into lead-free solder alloy matrix will improve the mechanical properties of the solder 
materials and such advanced interconnect materials will hence benefit the 
microelectronics industry.  
 
1.1 Organization of Thesis 
The following chapters of the thesis are organized as follows: 
Chapter 2 provides a brief introduction of solder materials (lead-bearing and lead-
free solder materials). The drive for a new generation of advanced solder materials, 
literature review of existing work on composite solders, the selection of materials for 
investigation and applications of composite solders were also discussed in this Chapter. 
Chapter 3 provides information on the materials used in this study and the 
experimental procedures for the synthesis of monolithic and composite solders. The 
various characterization tests conducted in this study were also described. 
Chapter 4 covers the work performed to investigate the effect of different sintering 
methodologies, i.e., without sintering, with conventional sintering, and with microwave-
assisted two-directional sintering followed by hot extrusion on microstructure and tensile 
properties of pure Sn-3.5Ag solder. The characterization results presented in this chapter 
demonstrated the improvement in mechanical response of monolithic Sn-3.5Ag.  
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Chapter 5 presents the characterization results of lead-free Sn-3.5Ag solder 
reinforced with nano-size copper particles. Moreover, processing-properties-
microstructure relationship of developed nanocomposites was investigated and discussed 
in detail. A significant mechanical and microstructural improvement was realized when 
2.5 volume percent copper nanoparticles were used to reinforce Sn-3.5Ag solder. 
Chapter 6 describes an attempt made to correlate mechanical properties of Sn-3.5Ag 
with the increasing presence of SnO2 particulates at the nanometer length scale.  
Characterization study showed that the best overall combination in mechanical properties 
was achieved in Sn-3.5Ag reinforced with 0.7 volume percent of nano-size SnO2 particles.  
Chapter 7 summarizes the salient facts and findings from the research work carried 
out in this study.  
Chapter 8 provides recommendations for possible future work in this research area.  
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Chapter 2   
 Literature Survey 
 
2.1 Introduction  
In the electronic packaging industry, solders play a crucial role as an interconnect 
material [1]. Since solder provides electrical, thermal and mechanical continuity in 
electronics assemblies, the performance and quality of the solder are crucial to the 
integrity of a solder joint, which in turn is vital to the overall functioning of the assembly.  
Due to the inherent toxicity of lead, environmental regulations around the world aim 
to eliminate the usage of Pb-bearing solders in electronic assemblies [1-4]. This has 
prompted the development of Pb-free solders, and has enhanced the research activities in 
this field [1, 5-10]. These lead-free solders are mostly based on Sn-containing binary and 
ternary alloys.  
Moreover, through the years, as micro-/nano-systems technologies are advancing, 
the sizes of electrical components are shrinking leading to an increase in the number of 
input/output terminals. As a consequence, the numbers of solder joints per package have 
increased while the dimensions of the solder joints have decreased. For the solder joints 
with reduced dimension to stay functional, powerful, and reliable necessitates the 
development of a new generation of interconnection materials.  
In the following sections, various types of solder alloys (lead-bearing and lead-free 
solders), key properties of solders, development of composite solders, review of the 
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existing work on composite solders, selection of materials for investigation and 
applications of composite solders will be discussed.  
 
2.2 Lead-Bearing Solders 
For the packaging of almost all electronic devices and circuits, soldering technology 
has become indispensable. Lead-bearing solders, particularly the eutectic 63Sn-37Pb or 
near-eutectic 60Sn-40Pb alloys, have been used extensively in different levels of the 
electronic assembly sequence, where strict electrical, mechanical and thermal properties of 
solder alloys are essential. Eutectic melting temperature of Sn-Pb binary system (183ºC) 
enables soldering conditions that are compatible with most substrate materials and 
devices. Sn-Pb solders exhibit many merits, like low melting temperatures, good 
workability, ductility, ease of handling and excellent wetting on Cu and its alloys. 
Lead, one of the primary components of eutectic solders, provides many technical 
advantages such as: (i) lead lowers the surface tension of pure tin and the lower surface 
tension of 63Sn-37Pb solder facilitates wetting [11], and (ii) lead as an impurity in tin aids 
to prevent the transformation of white or beta (β) tin to gray or alpha (α) tin. The 
transformation, if takes place, will lead to an increase in volume which will cause loss of 
structural integrity of the tin [12]. The above-mentioned factors, coupled with Pb being a 
low cost and readily available metal, make it an ideal alloying element with tin. However, 
recently, there have been legal, environmental and technological pressures to search for 
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2.3.2 Health and Environmental Concerns 
There are serious concerns over the use of lead in the electronic industry because of: 
(i) lead waste resulting from the manufacturing process, (ii) occupational exposure, and 
(iii) the disposal of the lead-containing electronic devices. Despite the low level of lead 
consumption by the electronics industry [14], there is still concern over the potential of 
lead exposure. Lead and its compounds have been named by the Environmental Protection 
Agency (EPA) as one of the chemicals that can cause serious threat to the environment 
and human life [15]. It was reported that lead accumulation in the body can result in 
harmful health effects such as disordering of the nervous and reproductive systems, 
disruption to the neurological and physical development, and cognitive and behavioral 
changes [14].  
In the United States, the National Electronics Manufacturing Initiative (NEMI) 
program was developed to find the solutions of Pb-free electronics manufacturing. In 
Europe, aggressive actions were also taken to move towards Pb-free technologies. The 
European Union’s (EU) Directives on RoHS (Restriction of the use of certain Hazardous 
Substances) and WEEE (Waste Electrical and Electronic Equipment) had issued the ban 
on use of lead in consumer electronics [4, 15]. Moreover, as Japan is one of the major 
suppliers of the world’s consumer electronics, electronics companies are forced to use 
lead-free solders. Japan Electronics and Information Technology Industries Association 
(JEITA) have set guidelines for lead-free products. The JEITA roadmap published in 1999 
promoted lead-free initiatives by Japanese electronics companies. These companies aimed 
to use lead-free solders in mass-produced consumer products and to implement lead-free 
soldering technologies in their products by 2003 [16]. 
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2.3 Lead-Free Solders 
Due to the unique characteristics of Sn-Pb solders such as low cost and ease of 
manufacturing, finding suitable alternatives for the lead-containing solders is a 
challenging issue. Not only must the lead-free alternatives meet health, environment and 
safety requirements, as well as solder joint reliability and performance expectations, they 
must also be compatible with the existing soldering processes. In addition to identifying a 
replacement to the widely used Sn-Pb solders, it is important to ensure that the properties 
of the replacement solders are comparable to or superior than Sn-Pb solders. Some of the 
properties of solders important from a manufacturing and long-term reliability standpoint 
are shown in Table 2.1 [17].  
 
Table 2.1 Important properties of solder alloys [17]. 
 
Properties relevant to reliability and 
performance Properties relevant to manufacturing 
Electrical conductivity Melting temperature 
Thermal conductivity Wettability to copper 
Creep resistance Availability 
Fatigue properties Cost 
Tensile properties Recyclability 
Intermetallic compound formation Manufacturability using current processes 
Coefficient of thermal expansion Ability to make into balls  
Corrosion and oxidation resistance Ability to make into paste 
 
 
2.3.2 Sn-Ag Lead-Free Solder 
One popular alloy which is already used for high temperature solder applications is 
the binary Sn-Ag system, which has a eutectic temperature of 221ºC. Existing literature 
has reported that this lead-free solder possesses good mechanical and thermal fatigue 
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properties [18-21]. Sn-3.5Ag is a leading candidate for the electronics industry with 
applications to automotive circuits, computer motherboards, and other high reliability 
components. It is also considered to be a possible candidate for bump material on Si-dice 
in microelectronic packaging. Sn-3.5Ag has comparable wetability to Sn-3.5%Ag-0.7%Cu 
and shows reliable thermo-mechanical properties [22]. Moreover, the Sn-3.5Ag alloy used 
in this project has immense potential because of its good wettability, higher strength, and 
superior resistance to creep and thermal fatigue when compared to the eutectic Pb-Sn 
solder [1, 23-26]. 
 
2.4 Key Properties of Solders 
The Pb-free solder must possess comparable or superior properties to that of the pb-
containing solder (see Table 2.1). The key properties of solder that are of importance for 
electronics application are melting temperature, wettability, solder-substrate interactions, 
electrical properties, thermal conductivity, coefficient of thermal expansion and 
mechanical properties. It should be noted that for solid-state bonding technique (section 
2.9) some properties are not of too much importance and these include melting 
temperature and wettability. 
 
2.5 Composite Solders 
Solders with enhanced mechanical, thermal and electrical properties have to be 
developed in order to fulfill rapid advances in technology and electronics industry. It is 
essential to move beyond the conventional solders, to search for a new generation of 
interconnection material. One potentially viable and economically affordable approach to 
improve the microstructure stability and mechanical properties of a solder, is the addition 
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of secondary particles to a solder matrix so as to form a composite solder. The presence of 
the second phases has been shown to trigger the microstructural mechanisms which 
enhance the reliability of the solder joints [27-29]. 
A variety of particle reinforcements have been used to reinforce solders [29-75]. The 
reinforcements used can be classified into three categories: (i) elemental metallic particles, 
(ii) intermetallic particles or intermetallics formed from elemental particles through a 
reaction with Sn during manufacturing or by subsequent aging and reflow processes, and 
(iii) phases that have low solubility in Sn or are non-reactive with Sn. 
A variety of reinforcements in size (micron-size to nano-size) and shape (particles, 
wires and nanotubes) were used. Since nanotechnology has been developed in recent 
years, various nano-size reinforcements are chosen to synthesize the composite solders. 
The nano-size reinforcements are preferred over their micron-size counterparts because 
they can more effectively be located at the Sn-Sn grain boundaries and subsequently act as 
obstacles to restrict dislocation movement [58].  
 
2.6    Powder Metallurgy Technique 
In existing literature, researchers have reported several processing techniques for 
synthesizing composite solders. These techniques can be broadly grouped into: (i) powder 
metallurgy and (ii) liquid metallurgy approaches. As powder metallurgy technique was 
used in the present project, it is discussed in detail in the following sections. 
 
2.6.1 Introduction to Powder Metallurgy 
Powder metallurgy (PM) is the most diverse manufacturing approach. In essence, 
PM takes a powder (usually metal powder) with specific attributes of size, shape and 
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packing, and then converts it into a strong, precise and high performance shape. This 
approach has three key steps, blending, compaction and sintering and in the said sequence. 
The three main steps in the scheme of powder metallurgy are illustrated in Fig. 2.1. The 
process uses automated operations with low relative energy consumption, high material 
utilization and low capital costs.  
 
2.6.2 Reasons for Using Powder Metallurgy  
Three main advantages dominate and contribute to the success of PM approach 
shown in Fig. 2.2. PM method has the potential to synthesize complex parts such as 
components for the automotive industry cost effectively. 
Precision and cost are very attractive, while with casting there are several problems 
such as segregation, machining and maintaining final tolerances. Since pre-alloyed 
powders can be fabricated below the melting temperature, segregation and other defects 
associated with casting are eliminated. Furthermore, porous metals, oxide dispersion 
strengthened alloys, cements (ceramic-metal composites) and cemented carbides can be 
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Figure 2.1 The processing sequence of powder metallurgy technique. 
 
 
The inability to fabricate these unique microstructures by other techniques has 
contributed a large part to the growth of PM approach (see Fig. 2.2). The final circle 
shown on the Venn diagram corresponds to captive applications. These are the materials, 
such as reactive and refractory metals, which are quite difficult to process by other 
techniques. Powder metallurgy technique is attractive since all the processing can be 
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performed in the solid state and the microstructural damages resulting from elevated 
temperatures are avoidable.  
 
       Economic 
             Cost                 Precision 





      Alloys 
         Microstructures 
        Composites 
Captive      
        Refractory materials 
        Reactive materials  
    
    Ideal Applications  
 
 
Figure 2.2 Three main reasons for using powder metallurgy. The intersection of 
the circles indicates an ideal area for applying powder metallurgy in 
the future [adapted from Ref. 76]. 
 
 
2.6.3 The Future of Powder Metallurgy 
The important and unique attributes which lead to continued growth of PM method 
are listed below [76]:  
a) High volume production of high quality precision structural parts. 
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b) Fabrication of difficult-to-process materials, where fully dense high performance 
alloys can be fabricated with uniform microstructures. 
c) Economical consolidation of high-performance materials including composites 
containing mixed/ non-equilibrium phases. 
d) Synthesis of non-equilibrium materials such as amorphous, microcrystalline or 
metastable alloys. 
e) Processing of complex parts. 
 
2.6.4 Microwave vs. Conventional Sintering 
Sintering is an important step in the powder metallurgy technique, in which 
densification and bond formation take place. Sintering can be done by traditional methods 
of heating such as resistance heating [76, 77] or by the more recently introduced method 
of using microwaves [78–87].  
Microwave heating is based on the ability of a material to absorb electromagnetic 
energy directly and be heated. This innovative method has the ability to process a wide 
variety of materials as well as novel materials which cannot be processed using 
conventional methods. Microwave heating has several unique characteristics such as 
penetrating radiation, rapid heating, controllable field distributions, selective heating of 
materials and self-limiting nature which are different from conventional heating. These 
characteristics are discussed in more detail in the following sections. 
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2.6.4.1 Penetrating Radiation 
There is a fundamental difference between microwave heating and conventional 
resistance heating. The way the heat transferred to the material is the key difference 
between conventional and microwave heating. 
In conventional heating, thermal energy is transferred to the material from outside 
through conduction, convection and radiation of heat produced by external sources such as 
a resistive heating element. In conventional heating method, thermal energy is usually 
transferred to the materials by electromagnetic radiation in the infrared region from the 
heating elements. Since the penetration depth of infrared radiation is very small (D << 10p -
4 m) [88] in most solids, energy deposition is limited to the surfaces of the material. 
Afterwards, heat is transferred to rest of the material based on conduction from hotter to 
colder regions.  
However, in microwave heating, the material can directly absorb microwave energy 
due to the high penetrative power of microwaves and the heat is generated from within. 
The penetration depth of microwaves varies significantly in different materials and 
depends on many factors such as magnetic properties, temperature, size and densification 
of the material, microwave frequency and power. Microwaves create an inverted 
temperature profile in the material when compared to conventional thermal processing. 
Moreover, microwaves are able to penetrate and heat the material from within and 
therefore rapid and volumetric heating without overheating of the surfaces is obtainable 
[89].  
The problems associated with using microwave processing include difficulties in 
heating poor-absorbing materials from room temperature, processing materials with low 
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thermal conductivity and preventing uneven heat distribution leading to hotspots, cracking 
and arching. To overcome the nonuniformity of temperature, hybrid microwave sintering 
is proposed to combine microwave and conventional heating. 
Use of microwave susceptors to provide hybrid heating has been proposed and 
applied by many researchers.  In the present study, two-directional microwave sintering 
using SiC as a susceptor was used [81, 82, 85-87, 89].  
2.6.4.2 Rapid Heating 
Sintering can be completed in a fraction of time using microwaves because of rapid 
heating rates compared to conventional heating methods. Numerous studies have shown 
that microwaves can be utilized to sinter both monolithic and composite powder compacts 
much more rapidly than conventional sintering, producing materials with better 
microstructural and mechanical properties [78-87]. In addition, use of microwaves can 
lead to energy and time saving upto 90% and even higher in some cases. 
During microwave sintering, rapid heating at the initial stage of densification 
reduces surface diffusion, which is beneficial, and at the intermediate and final stages of 
sinterings, grain growth is also minimized with rapid heating. The rapid heating feature of 
microwaves can be used to fabricate nano-size and nano-structured materials in order to 
minimize and/or eliminate grain growth and achieve good properties. Hence, microwave 
processing is a promising technique to obtain new materials with fine microstructure and 
good properties. 
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2.6.4.3 Controllable Field Distribution 
Depending on the microwave applicator used, the electromagnetic field distributions 
inside the cavity can be manipulated. In single-mode applicators unlike multiple modes 
applicators, it is possible to isolate the electric and magnetic fields with proper tuning. 
Since the electric and magnetic fields can be fixed inside the microwave cavity for a 
single-mode applicator, the material can be placed in regions of high high E or H fields to 
allow for selective heating of localized regions without heating the bulk of the material in 
applications such as joining, welding or brazing [89]. However, the cost of single-mode 
processing systems is higher than multimode systems and requires higher capital 
investment. 
2.6.4.4  Selective Heating of Materials 
Another advantage of microwave sintering over conventional heating is selective 
heating of materials. Selective heating can also aid in the processing of materials which do 
not couple well with microwaves. A highly microwave-absorbing material, for instance, 
can be applied to a low microwave-absorbing material to aid in joining or bonding. Use of 
SiC as a susceptor allows the microwaves to first couple strongly with the susceptor, 
which get rapidly heated, and then poor microwave-absorbing materials conventionally 
will be heated up to critical temperature where microwave absorption is sufficient for self-
heating. The selective heating characteristic of microwave sintering allows better control 
of the microstructure and properties of the material compared to conventional sintering 
[89]. 
Development of Lead-Free Nanocomposite Solders for Electronic Packaging  18
 
 Literature Survey 
2.6.4.5 Self-Limiting Characterization 
Some materials absorb less microwave energy upon heating above a certain 
temperature when a phase changes or reaction occurs. When absorption of microwave 
energy diminishes, heating slows down and becomes self-limiting. Selecting the type, 
amount and design of material used can lead to self-limiting heating [90, 91]. This 
characteristic of microwave heating is beneficial in the selective heating of materials with 
different coupling characteristics [92].  
 
2.7 Existing Work on the Development of Composite Solders 
Literature survey revealed that both metallic and intermetallic particles are used to 
reinforce solders. Moreover, the research work on composite solders focused on lead-
bearing solders rather than new generation of lead-free solders. Solder composites 
developed by other investigators have been summarized in Table 2.2. 
 
Table 2.2 Existing solder composites. 
 
Matrix Reinforcement Reference 
60Sn-40Pb Cu Sn   [34] 6 5
60Sn-40Pb Ni Sn [61] 3 4
50Sn-50Pb Molybdenum + Tantalum [35] 
63Sn-37Pb Cu Sn [63] 6 5
63Sn-37Pb Cu nanopowders [42] 
63Sn-37Pb TiO [52] 2
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63Sn-37Pb Al O  + TiO [38] 2 3 2
63Sn-37Pb Cu Sn / Cu Sn/ Cu/ Ag/ Ni [37] 6 5 3
63Sn-37Pb Cu [30] 
Sn-0.7Cu Ag [48] 
Sn-37Pb & Sn-3.8Ag-0.7Cu Single-walled carbon nanotubes [51] 
91.4Sn-4In-4.1Ag-0.5Cu Al O [56] 2 3
Sn-3.5Ag ZrO [57] 2
Surface-active polyhedral oligomeric 
silsesquioxanes (POSSSn-3.5Ag [47] ®) 
Sn-3.5Ag Ni [33] 
Sn-3.5Ag Shape memory alloy wire [64] 
Sn-3.5Ag-0.5Cu Y O [46] 2 3
Sn-3.5Ag-0.7Cu Multi-walled carbon nanotubes [10] 
Sn-3.8Ag-0.7Cu NiTi shape-memory alloy [28] 
Sn-3.5Ag-0.7Cu Y O [93] 2 3
Sn-3.5Ag-0.7Cu TiB [56] B2
Sn-3.5Ag-0.7Cu ZrO  + 8 mol. % Y2 2O [54] 3
 
 
2.8 Selection of Materials for Investigation 
2.8.1 Solder Matrix Material 
As discussed in section 2.3.2, Sn-3.5Ag has superior properties compared to lead-
free solders and particularly conventional eutectic Sn-Pb, Sn-37Pb. Therefore, commercial 
lead-free solder alloy, Sn-3.5Ag was selected as a matrix material. 
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2.8.2 Reinforcement Materials 
In this study, copper and SnO2 particles at the nanometer length scale were used to 
reinforce Sn-3.5Ag solder.  
Nano-size copper particles were chosen because: (i) Cu has a high electrical 
conductivity when compared to Sn-3.5Ag (59.6 × 106 -1 Ω m-1 for Cu [94] and 9.4 × 106 Ω-
1m-1 for Sn-3.5Ag [95]), (ii) there is a elastic modulus mismatch (129.8 GPa [96] for Cu 
compared with 10 GPa for Sn-3.5Ag) and coefficient of thermal expansion mismatch 
(18.3 × 10-6 -6/ ºC and 26.4 × 10 / ºC for Cu [96] and Sn-3.5Ag, respectively) between Sn-
3.5Ag and copper, and (iii) copper possess high melting point and hardness compared to 
matrix material, Sn-3.5Ag. 
The main reasons of selecting SnO2 as a reinforcement are: (i) close density to Sn-
3.5Ag , ρ (Sn-3.5Ag) = 7.360 g/cm3 and ρ (SnO ) = 6.95 g/cm32 , (ii) much higher hardness 
and melting point when compared to Sn-3.5Ag matrix (ii) low cost when compared to the 
most other nano particles such as TiO , Y O , SiC and ZrO2 2 3 2 [97] and (vi) being a n-type 
semiconductor. 
It may further be noted that the above two types of reinforcement have never been 
used to improve the performance of Sn-3.5Ag solder (see also section 2.7). 
 
2.9 Applications 
The conventional bonding process of solder bumps is reflow soldering, which 
possesses several problems in high density packaging. First, it requires complex reflow 
profiles, long time, and flux under special environment during bonding [17]. Secondly, 
solder bumps as thin as a few microns will not contribute to reduce thermal stresses after 
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soldering [98]. In addition, flux residues after soldering process will not only difficult to 
be removed with the reduction of pitch and bump height but also responsible for void 
formation [1]. Finally, the bonding temperature of lead-free solder bumps should be 
higher than that of conventional Pb-Sn solders, which will cause mechanical damage, 
thermal stresses or defects in the bonded components [99]. To accomplish the low-cost 
low-temperature fluxless bonding, an approach of solid-state bonding is recently 
proposed.   
In recent years, for flip chip circuit assembly, bonding processes including 
thermocompression, surface activated, thermosonic, and ultrasonic bonding have been 
introduced [100-104]. The thermocompression (TC) process is performed at high 
temperature with added pressure to bond chips (see Fig. 2.3). For example, in the case of a 
Sn-plated Cu bumps, a TC bonding temperature of 300°C with bonding force of 24.5 N 
for 10 s has been used [100]. However, the TC process carries a risk of thermal damage to 
both the chip and the printed circuit board (PCB) [101].  Furthermore, the bonding time 
must be longer than with other processes because the TC bond is generated through 
diffusion [102]. Surface activated (SA) bonding method is based on the very strong metal 
or covalent bonding energy between two atomically clean surfaces [105]. The clean 
surfaces can be obtained by performing dry process such as argon fast atom beam, ion 
beam, or Ar radio plasma pretreatment in predetermined vacuum condition. SA bonding is 
much helpful to reduce the necessary bonding pressure or temperature compared with TC 
bonding because an activated process is performed prior to the assembly [104]. 
Meanwhile, thermosonic (TS) bonding is carried out at a chip temperature between 70°C 
and 150°C with predetermined ultrasonic power and pressure (see Fig. 2.4). This process 
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operates at lower temperature and pressure than TC bonding. Additionally, the bonding 
time is shorter than that of TC [103]. However, the TS process still needs pre-heating for 
bonding. 
In the above-mentioned approaches, solders do not go through a conventional 
melting and freezing process during use and the properties of the original solder would not 
be affected significantly particularly in ultrasonic (US) bonding (see Fig. 2.5). Kim et al. 
[103] have shown the feasibility of US bonding performed at room temperature. They 
have also reported that Si-dice and PCB substrates were bonded without heating by US 
using a Sn-3.5Ag solder interlayer [103]. In addition, Wang et al. [104] successfully 
bonded Sn-Ag-Cu solder bumps together in ambient air at 25-200°C using TC and SA 
bonding. Therefore, the properties of lead-free solders synthesized by powder metallurgy 
technique using different parameters can successfully be retained by using these 
techniques. 











  Figure 2.3 Schematic diagram of the thermocompression bonding process. 
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The development of these bonding techniques is particularly useful for composite 
solders as it is perceived that if the composite solders are subjected to reflow process, the 










































Figure 2.5 Schematic diagram of the ultrasonic bonding process. 
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Chapter 3    
Materials and Experimental Procedures 
 
3.1 Introduction 
The main scope of this research was to synthesize and characterize monolithic and 
new lead-free solder based composites. Afterwards, an attempt is made to correlate 
processing-microstructure-properties relationship for developed materials. All raw 
materials, tools and equipment required for the experimental investigation in this study 
were either obtained or made in the Materials Science Laboratory, Department of 
Mechanical Engineering, National University of Singapore (NUS). 
 
3.2 Experimental Work Overview 
In the present work, Sn-Ag lead-free solder composites containing different 
reinforcements were synthesized using the powder metallurgy route.  The as-received raw 
materials were pre-weighed prior to usage.  All equipment were also inspected and 
cleaned before usage, to avoid any possible contamination. After material synthesis, the 
samples were characterized in terms of physical, thermal, microstructural and mechanical 
properties. Detailed experimental procedures for individual steps involved are documented 
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3.3 Materials 
In this study, for the base matrix material, lead-free (96.5Sn – 3.5Ag) solder powder 
of size range 25 – 45 μm obtained from QualitekR, USA, was used. For the reinforcement 
material, two reinforcement types were chosen. They are namely: (i) copper nanopowder 
of 99+% purity with an average particulate size of 50 nm obtained from Argonide 
Corporation, USA (see Appendix A) and (ii) SnO2 nanopowder of 99.5% purity with a 
size range of 60-80 nm obtained from NanoAmor (Nanostructured & Amorphous 
Materials, Inc.), USA (see Appendix B). 
The description of the various monolithic and composite solders synthesized in this 
study is presented in Table 3.1 and Table 3.2, respectively. The designations assigned to 
the respective sets of composite solder systems and monolithic solder are used throughout 




The processing technology adopted in this study was powder metallurgy as primary 
processing, followed by secondary processing (extrusion) at room and higher 
temperatures. The details of the processing techniques are discussed in the following 
sections. 
 
3.4.1 Synthesis of Monolithic and Composite Solders 
For solder-based composite materials, the synthesis was carried out using the 
following procedure. Firstly, the solder powder and reinforcements were pre-weighed and 
homogeneously blended in a RETSCH PM-400 mechanical alloying machine using a 
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speed of 200 rpm for 1 hour (for Sn-3.5Ag/Cu system, weighing was done in an argon-
filled glovebox containing less than 0.1 ppm of oxygen (see Fig. 3.1).  No balls or process 
control agent was used during blending step (see Fig. 3.2). The blended powders were 
uniaxially compacted using a pressure of 510 MPa to billets (40 mm height with 35 mm 
diameter) in a 100 ton press (see Fig. 3.3). Compacted billets were sintered using an 
innovative microwave assisted hybrid sintering technique for 6 minutes and 45 seconds to 
reach the temperature of 221ºC under ambient condition in a 900 W, 2.45 GHz SHARP 
microwave oven using SiC as the microwave susceptor material [1-5]. The set time 
included only heating time and there was no holding time to minimize or eliminate bulk 
and/or localized melting of samples [5]. SiC powder (contained within a microwave 
transparent ceramic crucible) absorbs microwave energy readily at room temperature and 
is heated up quickly, providing the radiant heat to heat the billet externally while the 
compacted billet absorbs microwaves and is heated from within. This hybrid heating 
method results in a more uniform temperature gradient within the billet and circumvents 
the disadvantages of heating using either conventional heating or microwaves only. The 
schematic diagram of experimental setup and two-directional sintering concept are shown 
in Fig. 3.4. Temperature calibration of the sintering setup was performed beforehand using 
a sheathed T-type thermocouple in order to determine the appropriate sintering duration 
for Sn-3.5Ag monolithic and composite samples. For monolithic materials, in order to 
compare the results with that of conventional sintering, Sn-3.5Ag preforms processed in 
an identical way were conventionally sintered at 150°C (0.85 Tm) for 2h in argon 
atmosphere.  
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The sintered and unsintered billets were subsequently extruded at 221ºC using an 
extrusion ratio of 26.5:1 on a 150 ton hydraulic press using colloidal graphite as lubricant 
to produce an extruded rod with a final diameter of 7 mm.  To extrude the samples at 221 
ºC, the preforms were soaked at 221 ºC for 5 minutes in a constant temperature furnace 
before extrusion.  Extrusion at 221 ºC was conducted in this study as it leads to lower 
amount of pores and aspect ratio when compared to samples extruded at room temperature 
[5]. Moreover, extrusion at 221 ºC prevents grain growth due to rapid homogenization. 
 
Table 3.1 Description of monolithic solders systems synthesized for this study. 
 
Expt. Processing Material Material Designation 
I Microwave Sintering 96.5Sn – 3.5Ag Sn-3.5Ag/MSint 
II Conventional Sintering 96.5Sn – 3.5Ag Sn-3.5Ag/CSint 
III Without Sintering 96.5Sn – 3.5Ag Sn-3.5Ag/USint 
 
 
Table 3.2 Description of composite solders systems synthesized for this study. 
 
Expt. Reinforcement Matrix Amt. of Reinforcement 
Material 
Designation 
1 vol. % Sn-3.5Ag/1.0 Cu 
2 vol. % Sn-3.5Ag/2 Cu I Cu 96.5Sn – 3.5Ag 
2.5 vol. % Sn-3.5Ag/2.5 Cu 
0.5vol. % Sn-3.5Ag/0.5 SnO2 
0.7 vol. % Sn-3.5Ag/0.7 SnO2 II SnO2 96.5Sn – 3.5Ag 
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Figure 3.3 Photographs showing: (a) 35 mm diameter compacted billet, sprayed 














Figure 3.4 Schematic diagram of experimental setup used in this study. 
 
 
3.5 Density Measurements 
Since the solders are predominantly used in bar and wire forms which are produced 
using extrusion/wire drawing, the densities of the extruded samples were determined using 
Archimedes’ principle [6]. Polished samples taken from various sections of the extruded 
rods were weighed in air and when immersed in distilled water using an A&D HM-202 
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3.6 Thermomechanical Analysis 
The coefficients of thermal expansion (CTE) of extruded Sn-3.5Ag and composite 
formulations were determined using an automated SETARAM TMA 92-16/18 
thermomechanical analyzer using a load force of 10 g and a constant heating rate of 5 
ºC/min in accordance with ASTM standard E831-00. Displacement of the samples (7 mm 
in diameter and length between 5 mm and 10 mm) as a function of temperature (50–
150ºC) was measured using an alumina probe under argon atmosphere. SETARAM 
software was used to determine the CTE values for the samples. Prior to testing, the 
samples were first polished to provide a clean, even and flat surface.  Precautions were 
also taken to ensure that the test surface was perpendicular to the axis of the probe.  A 
total of 3 samples were tested for each monolithic and composite system. 
 
3.7 Microstructure Characterization 
Microstructural analysis of the metallographically polished samples of the composite 
materials was carried out using HITACHI 4500 Field Emission Scanning Electron 
Microscopy (FESEM).  This was aimed to investigate: (i) distribution of reinforcement, 
(ii) presence, distribution and morphology of porosity, (iii) presence of intermetallic 
compounds and (iv) grain size and morphology. For grain size analysis, the samples were 
etched for a few seconds with 5 vol. % hydrochloric acid in 95 vol. % methanol. Scion 
Image Analyzer software was used to analyze the grain size.  
 
3.8 X-Ray Diffraction Analysis 
An automated Shimadzu XRD-7000 diffractometer was used for phase analysis of 
extruded samples. The samples were polished and exposed to Cu Kα radiation (λ = 
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1.54056 Å) using a scanning speed of 2 deg/min. A plot of intensity versus 2θ (θ 
represents Bragg angle) was obtained, resulting in peaks at different Bragg angles, from 
which interplanar spacings, d, were calculated. These values of d were subsequently 
compared and matched with standard values for different elements and compounds. 
 
3.9 Mechanical Characterization 
3.9.1 Microhardness Tests 
Microhardness measurements were performed on the polished samples of extruded 
monolithic and composite solders using a Matsuzawa MXT 50 automatic digital 
microhardness tester.  Microhardness tests were performed using a Vickers indenter, a test 
load of 25 gf and a dwell time of 15 s in accordance with the ASTM standard E384-99. 
 
3.9.2 Tensile Tests 
Tensile properties of the extruded monolithic and composite samples were 
determined in accordance with ASTM standard E8M-01. The tensile tests were conducted 
on round tension test specimens of 5 mm diameter and 25 mm gauge length using an 
automated servohydraulic testing machine (MTS 810) with a crosshead speed set at 0.254 
mm/min. Total of seven tensile specimens were tested for each type of material. 
 
3.10 Fractography 
Fracture surface characterization studies were performed on the tensile fractured 
surfaces of pure Sn-3.5Ag and composite specimens in order to provide an insight into the 
various possible fracture mechanisms operative during the tensile loading of the samples. 
 
 Materials and Experimental Procedures 
Development of Lead-Free Nanocomposite Solders for Electronic Packaging  40
Fractography was accomplished utilizing HITACHI S4300 field emission scanning 
electron microscope (FESEM). 
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Chapter 4    
Enhancing the Mechanical Response of a 
Lead-Free Solder Using an Energy-Efficient 
Microwave Sintering Route 
 
4.1 Objective 
As highlighted in section 2.6.4, using microwaves in sintering step can save time and 
energy significantly and this approach can lead to better microstructure and properties. 
Since microwave sintering rout is not necessarily effective and applicable to all the 
materials, pure Sn-3.5Ag was synthesized using different sintering methodologies i.e. 
without sintering, conventional sintering and microwave assisted two-directional sintering 
followed by hot extrusion. Particular emphasis was placed to investigate the effect of 
sintering types on the physical, microstructural and tensile properties of pure Sn-3.5Ag. 
Results of this attempt are stated and discussed in the following sections. 
 
4.2 Results and Discussion 
4.2.1 Macrostructure 
The results of macrostructural characterization on the sintered billets revealed 
absence of sintering defects such as circumferential or radial cracks. Following extrusion, 
no observable macro defects were observed on Sn-3.5Ag samples. Results revealed that 
both sintering methods are capable of producing macrodefect free samples. 
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4.2.2 Densification Behavior 
The results of density and porosity measurements conducted on the extruded 
samples are shown in Table 4.1. T-test at the 95% confidence level was carried out and the  
 
Table 4.1 Results of density and porosity measurements. 
 
Materiala                                     Density (g/cm3)                                       Porosityb  
                                    Theoretical                    Experimentalb, c                    (%) 
Sn-3.5Ag/MSint             7.360                           7.316 ± 0.006                   0.6 ± 0.1     
Sn-3.5Ag/CSint              7.360                           7.304 ± 0.009                   0.8 ± 0.1  
Sn-3.5Ag/USint              7.360                           7.274 ± 0.048                   1.2 ± 0.6 
a MSint = Microwave Sintered, CSint = Conventionally Sintered, USint = UnSintered. 
b The error limits are standard deviation in each case. 
c 15 samples were quantified in each case 
 
results exhibited a significant difference in the densities (see Appendix C). Results 
showed that hybrid microwave sintering approach led to lowest porosity while unsintered 
and conventionally sintered samples exhibited relatively higher amount of porosity. The 
lower amount of porosity and significantly lower size of pores exhibited by conventionally 
and microwave sintered samples when compared to unsintered samples can be attributed 
to the sintering mechanism that involves atomic motion which produces the mass flow 
into voids, causing a decrease in overall volume and thus reduction of total porosity [1]. 
Among the sintered samples, presence of smaller pore size for microwave sintered 
samples when compared to conventionally sintered samples (see Table 4.2) indicates the 
ability of microwaves to sinter Sn-3.5Ag solder more effectively than conventional 
sintering. The enhanced densification during microwave sintering can be attributed to 
exposure of samples to higher temperature that causes faster migration of atoms in 
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accordance with the fundamental principles of diffusion [1-4]. This is besides the fact that 
no holding time was given during hybrid microwave sintering used in this study. 
 
Table 4.2 Morphological characteristics of grains and pores. 
 
Material                                       Grainsa                                                Porositya 
                                Diameterb (µm)    Roundnessb, c            Diameterb (nm)    Roundnessb, c   
Sn-3.5Ag/MSint        3.0 ± 1.6              1.4 ± 0.2                 531 ± 152             1.2 ± 0.4 
Sn-3.5Ag/CSint         3.6 ± 1.5              1.4 ± 0.3                 586 ± 185             1.4 ± 0.4 
Sn-3.5Ag/USint         3.8 ± 1.5              1.4 ± 0.4                 970 ± 183             3.3 ± 1.4 
a More than 100 grains and pores were quantified. 
b The error limits are standard deviation in each case. 
c Roundness is the shape of the grain expressed by the formula (perimeter)2/ 4π(area). Lesser the roundness,  
  less sharp will be the edges (circle roundness = 1). 
 
4.2.3 Microstructural Characterization 
Microstructure characterization was carried out to investigate: (a) grain morphology, 
(b) pore morphology and (c) morphology of Ag3Sn phase. The microstructural 
characterization conducted on extruded samples revealed the presence of near-equiaxed 
grains (see Table 4.2 and Fig. 4.1). T-test was also performed and results showed 
substantially different grains and pores characteristics. Results revealed that microwave 
assisted two-directional rapid sintered samples exhibited smallest average grain diameter 
(see Table 4.2). Furthermore, grain area distribution shown in Fig. 4.2 (a) exhibits clearly 
a shift in grain size towards the lower grain sizes for microwave sintered samples. This 
can be attributed primarily to the rapid heating, no holding time and rapid cooling during 
microwave sintering approach [5, 6]. However, the results revealed no effect of sintering 
and its type on the grains roundness (Table 4.2). Smallest average pore size was also 
exhibited by microwave assisted sintered samples while unsintered samples showed 
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largest pore size as well as roundness (see Fig. 4.3 and Table 4.2). Conventionally sintered 
samples exhibited larger pore size and with higher roundness when compared to 
microwave sintered samples suggesting the increased presence of lenticular pores (see 
Table 4.2). Pore area distribution shown in Fig. 4.2 (b) also confirms that microwave 
sintering technique results in a smaller and narrower pore size distribution. This can be 
attributed to the lower propensity for pore coarsening due to the much lesser sintering time 
when using microwaves [6]. The larger roundness value of the pores in the case of 
conventionally sintered samples suggests that intermediate stage of sintering is realized 
even when the holding duration was 2 hours. The absence of lenticular pores in the case of 
microwave sintered samples suggests that a 6 minute and 45 second sintering duration for 
microwaves can bring the sintering into its final stage [1]. 
Since the solder is Sn–3.5Ag, Ag3Sn is the only possible precipitating second phase. 
X-ray diffractograms shown in Fig. 4.4 also confirm the presence of Ag3Sn phase and 
absence of any oxide or other phases. Microstructural characteristics of Ag3Sn are shown 
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Figure 4.1 Representative FESEM micrographs showing grain morphology of Sn-
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Figure 4.2 Distribution of: (a) grain area and (b) pore area in microwave sintered, 
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Figure 4.3 Representative FESEM micrographs showing pore morphology of Sn-
3.5Ag in: (a) microwave sintered, (b) conventionally sintered and (c) 
unsintered samples. 
 
Volume percentage of Ag3Sn for both microwave and conventionally sintered samples 
was found to be almost the same (see Table 4.3). The less volume percentage of Ag3Sn in 
the case of unsintered samples can be attributed to lack of sintering step which provides 
the driving force for nucleation and growth of Ag3Sn. According to the t-test results, the 
diameters of Ag3Sn for each material system do differ. Results of Table 4.3 also revealed 
42% and 36% reduction in Ag3Sn average diameter of microwave sintered samples when 
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Ag3Sn diameter in the case of microwave sintered samples can be attributed to faster 
sintering cycle when using microwaves [10, 11] that restricts microstructural coarsening 
[5, 6]. The results also revealed that there is no effect of sintering and its type on the 












Figure 4.4 X-ray diffractograms of Sn-3.5Ag synthesized using different sintering  
                        methodologies. 
 
 
Table 4.3 Characteristics of Ag3Sn phase. 
 
Material                Volume percentagea     Diametera, b (µm)      Roundnessa        λ (µm) 
Sn-3.5Ag/MSint            5.6 ± 1                     0.7 ± 0.1                 1.2 ± 0.3             0.752 
Sn-3.5Ag/CSint             5.7 ± 1                     1.2 ± 0.2                 1.1 ± 0.3             1.275 
Sn-3.5Ag/USint             4.1 ± 1                     1.1 ± 0.2                 1.2 ± 0.4             1.432               
a The error limits are standard deviation in each case.  
b More than 120 Ag3Sn particles were quantified in each case. 
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4.2.4 Tensile Properties Characterization 
The results of ambient temperature tensile tests shown in Table 4.4 revealed superior 
combination of 0.2% YS, UTS and work of fracture (WoF) in the case of microwave 
sintered samples. Moreover, t-test results also confirmed that there is a substantial 
difference between the tensile properties of the samples. Microwave Sintered samples 
showed 38%, 31% and 40% higher 0.2% YS, UTS and WoF, respectively over unsintered 
samples. They also exhibited 21%, 17% and 19% increase in 0.2% YS, UTS and WoF, 
respectively over conventionally sintered samples and 68%, 66% and 90% increase in 
0.2% YS, UTS and total failure strain (TFS), respectively over published values by 
QualitekR (see Table 4.4). The results further revealed that TFS of Sn-3.5Ag solder is not 
affected by sintering and its type (Table 4.4). 
 
Table 4.4 Results of tensile properties. 
 
Material                   0.2 % YSa           UTSa, b       Total failure straina     Work of fracturea    
                                    (MPa)              (MPa)                    (%)                            (J/m3)                                   
Sn-3.5Ag/MSint       37.8 ± 1.0        44.2 ± 0.3            45.7 ± 0.6                    29.0 ± 0.4 
Sn-3.5Ag/CSint        31.2 ± 1.7        37.7 ± 1.4            46.6 ± 1.2                    24.3 ± 1.8            
Sn-3.5Ag/USint        27.3 ± 2.5        33.8 ± 3.8            45.3 ± 2.6                    20.7 ± 4.0 
Sn63/Pb37c                      27.23               NA                       48                                NA 
Sn96.5/Ag3.5c          22.45               26.7                      24                                NA 
a  The error limits are standard deviation in each case. 
b UTS: Ultimate Tensile Strength. 
c Company catalogue provided by QualitekR, USA, 2006. 
 
The increase in 0.2% YS and UTS in the case of microwave sintered samples can be 
attributed to: (a) reduction in grain size, (b) pore size and morphology and (c) dispersion 
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strengthening caused by Ag3Sn. The increase in strength with reduction in grain size can 





− += KDPetchHall σσ                                                                                                  (4.2)                        
where K is a locking parameter constant and D is the average grain size. Generally, 
decreasing the grain size leads to increase in the grain boundaries which acts as obstacles 
to the dislocation movement leading to an increase in strength. 
Since unsintered samples showed the highest value of pore size and roundness (see 
Table 4.2), lower strength was expected as large and sharp-edge pores act as stress 
concentration sites. Samples sintered by microwave approach showed higher WoF when 
compared to conventionally sintered and unsintered samples. Based on microstructural 
observation this can primarily be attributed to the pore morphology where microwave 
sintered samples showed near equiaxed pores with smaller size while conventionally 
sintered and particularly unsintered samples revealed sharp-edge pores (larger roundness 
value) with much larger size (see Fig. 4.3 and Table 4.2). These results are also consistent 
with the related work of other researchers who observed an increase in toughness and 
ductility of Fe-based materials and attributed the increase to the presence of round-edged 
porosity [11].  
Based on the dispersion strengthening theory [13], the fine particle-like Ag3Sn also 
assists in enhancing the strength of the solder. As reported previously [14], the hardness of 
Ag3Sn is about 12 times higher than eutectic structure of the Sn–3.5Ag solder. So, the 
Ag3Sn intermetallic phase acts as a reinforcing phase [15] and thus the stress acting on the 
particles surface can be expressed with piling up of linear dislocations. The increase in 
yielding stress, τ0, due to the presence of particles can be expressed as [15]: 
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Gb                                                                                                              (4.3) 
where τ is the stress at particle surface, b Burgers vector, v the Poisson’s ratio, and G is the 
shear elastic modulus of the substrate. Since all the parameters except λ are constant in 
this equation, the yielding stress of solder increases with the decrease in the average phase 
particle spacing (λ). The computations shown in Table 4 clearly reveal the lowest λ in the 
case of microwave processed samples further confirming and supporting the higher 
strength values exhibited by them (see Tables 3 and 4). 
 
4.3 Conclusions  
Commercial lead-free solder, Sn-3.5Ag, can be successfully synthesized eliminating 
sintering step and using conventional and microwave sintering during PM method. Results 
of microstructural characterization revealed that the highest density, the best pore 
characteristics (size and roundness), minimum grain size and distribution and minimum 
interparticle spacing of secondary phase (Ag3Sn) can be realized using microwave assisted 
powder metallurgy route. Results of tensile testing conformed with the microstructural 
characterization results and the samples synthesized using microwave assisted powder 
metallurgy route exhibited the best combination of 0.2% yield strength, ultimate tensile 
strength and work of fracture when compared to unsintered and conventional sintering 
routes. 
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Chapter 5    
Integrating Copper at the Nanometer Length 




Since solders are extensively used as an interconnect material in electronic 
assemblies, they should possess high mechanical, thermal and electrical properties. One of 
the proven approaches to increase the strength of the solders is by integrating 
reinforcements with solders to form composite solders. Accordingly, the primarily aim of 
this study was to synthesize Sn-3.5Ag/copper nanocomposites using powder metallurgy 
route coupled with microwave sintering technique. Characterization studies were 
conducted following hot extrusion to evaluate the physical, microstructural and 
mechanical properties of the synthesized materials. Particular emphasis was placed to 
study the effect of presence of copper nanopowder as reinforcement and its increasing 
content (1, 2 and 2.5 volume percent) on the physical, microstructural and mechanical 
properties of a commercial lead-free solder, Sn-3.5Ag. Processing-microstructure-
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5.2 Results and Discussion 
5.2.1 
5.2.2 
Synthesis of Monolithic Sn-3.5Ag and Sn-3.5Ag/Cu Composites 
Synthesis of monolithic Sn-3.5Ag and Sn-3.5Ag/Cu nanocomposites was 
successfully accomplished using PM technique incorporating microwave assisted rapid 
sintering. Macrostructural studies on the sintered billet and extruded rods revealed absence 
of macro defects such as circumferential or radial cracks. These results suggest the 
suitability of hybrid microwave sintering which ensures reduced sintering time without 
affecting the end properties of monolithic and composite samples [1, 2]. Other advantages 
such as lower energy requirement and cost savings make microwave sintering an 
extremely attractive option for the synthesis of advanced materials. 
 
Density Measurements 
The results of density measurements conducted on the extruded Sn-3.5Ag and 
composite samples are shown in Table 5.1. The addition of copper at the nanometer scale 
increases the density of the Sn-3.5Ag at volume percents exceeding one. The addition of 
copper was expected to increase the density of Sn-3.5Ag due to the higher density of 
copper particulates (ρCu= 8.93 g/cm3) as compared to that of Sn-3.5Ag (ρSn-Ag= 7.36 
g/cm3). The results suggest higher amount of porosity in case of Sn-3.5Ag/1 Cu 
formulation. The porosity measurement was conducted using the technique of image 
analysis on monolithic and composite samples. The results shown in Table 5.1 confirm 
that the highest percentage of pores exists in the case of Sn-3.5Ag reinforced with 1 
volume percent copper.  
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Table 5.1 Density, porosity, CTE and interparticle spacing of Sn-3.5Ag and Sn-
3.5Ag/Cu nanocomposites. 
 
Material                Volume          Density1                Porosity2                CTE                      λ 
                                 (%)             (g/cm3)                      (%)                    (×10-6/ºC)            (nm) 
Sn-3.5Ag                   0            7.316 ± 0.006           0.6 ± 0.05              26.4 ± 0.5               - 
Sn-3.5Ag/1 Cu          1            7.303 ± 0.015           1.1 ± 0.08              25.6 ± 0.5             134 
Sn-3.5Ag/2 Cu          2            7.329 ± 0.015           0.6 ± 0.10              25.2 ± 0.4              96 
Sn-3.5Ag/2.5Cu        2.5         7.328 ± 0.022           0.6 ± 0.09              25.0 ± 0.5              86 
1 Fifteen samples were quantified in each case. 
2 Scion Image software was used to determine the porosity level. 
 
5.2.3 Microstructure Characterization 
Mictorstructural characterization studies conducted on the extruded samples showed near 
equiaxed grain morphology (see Fig. 5.1 and Table 5.1). Interparticle spacing (λ) in Table 

















dλ                                                                                                              (5.1) 
where d is average particle diameter and f is volume fraction of particle. As expected, the 
interparticle spacing reduced with the increasing presence of copper particulates. 
Grain size distribution of monolithic and composite solders is shown in Fig. 5.2.  
Grain size distribution curves clearly show that grain size distribution shifts to lower grain 
size with increasing presence of copper. The reduction in grain size of the matrix can be 
attributed to: (a) the ability of Cu particulates to nucleate Sn-3.5Ag grains during 
recrystallization and (b) the restricted growth of the Sn-3.5Ag grains due to grain boundry 
pinning [6-8]. X-ray diffractograms shown in Fig. 5.3 confirmed the presence of Ag3Sn 
phase (see also Fig. 5) and absence of any oxide or other phases. Moreover, the results of 
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microstructural studies revealed fairly distribution of nano-size Cu particulates in the case 






































Figure 5.1 Representative FESEM micrographs showing microstructure of: (a) 
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5.2.4 
5.2.5 
Coefficient of Thermal Expansion 
CTE measurements in the temperature range from 50 to 150 ºC revealed a marginal 
reduction in the average CTE of Sn-3.5Ag with the addition of copper nanopowder as 
reinforcement (Table 5.1). Considering standard deviation, CTE difference between 
monolithic and composite samples can be considered insignificant. This can primarily be 
attributed to limited amount of copper particulates in the matrix (upto 2.5 volume percent) 
besides the fact that CTE of Cu (18 × 10-6 /ºC) [9] is significantly lower when compared to 
that of Sn-3.5Ag matrix (26.4 × 10-6 /ºC).  
 
Mechanical Behavior 
Mechanical properties results of extruded Sn-3.5Ag and Sn-3.5Ag/Cu 
nanocomposites are shown in Table 5.2. The results of microhardness measurements 
revealed ~ 28-35 % increase in microhardness value only when the amount of copper is in 
2-2.5 percent range. The results revealed that addition of 1 volume percent of copper was 
not sufficient to increase the hardness of matrix and this can be attributed to higher 
porosity level in the material (see Table 5.1). The increase in hardness in case of 
composites with 2 and 2.5 percent of copper was expected due to: (a) presence of harder 
Cu nanopowder reinforcement in the matrix and (b) higher constraint to the localized 
matrix deformation due to the presence of nano-size copper particulates [7].  
The results of ambient temperature tensile testing revealed that strength 
improvement of Sn-3.5Ag matrix can be realized when the amount of copper as 
reinforcement is in 2-2.5 percent range. For example, Sn-3.5Ag/2.5 Cu samples showed 
75% and 71% higher 0.2% YS and UTS, respectively over monolithic Sn-3.5Ag solder 
matrix (Table 5.2). The results also revealed that the amount of reinforcement must exceed 
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a critical threshold before an improvement in strength can be realized. The lower tensile 
characteristics of Sn-3.5Ag with 1 volume percent copper can be attributed to the high 
porosity level compared to other materials (see Table 5.1) and comparatively larger 
interparticle spacing between nano-size copper particulates (Table 5.1). The ability of 
porosity to serve as a crack initiation site and to adversely affect strength has been 
established convincingly for both monolithic and composite materials [1, 8, 10]. 
Additionally, an increase in λ will lead to a reduction in stress required to move the 
dislocation between the reinforcement particulates negating the Orowan strengthening 
contribution. In related studies [11-15], it was suggested that the addition of second phase 
in the metallic matrix may not always increase the strength.  Ibrahim et al. [11], for 
example, have shown that the strength of metal-matrix composites (6061/SiC) increased 
over that of monolithic counterpart only when the volume fraction of the reinforcements 
was increased over 28%. Qin et al. [13] have also reported that a minimum of 6.4 volume 
percent SiC particulates is required in order to realize a strength improvement for the Al-
Cu matrix material. Friend [15] proposed that the load transfer between the matrix and the 
reinforcement will not be effective and a strength improvement may not be realized unless 
there is a critical volume fraction of the reinforcing phase in the matrix. The results of the 
present study thus suggest that in the case of Sn-3.5Ag matrix, a critical volume fraction 
of nanocopper particles is required before an improvement in strength is realized (see 
Table 5.2). The improvement in 0.2% YS and UTS in the case of Sn-3.5Ag/2Cu and Sn-
3.5Ag/2.5Cu can be attributed to increase in Orowan strengthening effect [6, 16, 17] due 
to reduction in interparticle spacing (λ) and progressive increase in dislocation density due 
to CTE mismatch (18.3 × 10-6/ ºC and 26.4 × 10-6/ ºC for Cu [9] and Sn-3.5Ag, 
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respectively) and elastic modulus mismatch (129.8 GPa [9] for Cu compared with 10 GPa 
for Sn-3.5Ag) between Sn-3.5Ag and copper. The correlation between increase in 
dislocation density due to such effects and corresponding increase in strength of the 














nano-size copper Dia= 54 nm 




Dia= 51 nm Dia= 54 nm 
(b) 
Figure 5.4 Representative FESEM micrographs showing distribution of nano Cu 
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Table 5.2 Results of mechanical properties of Sn-3.5Ag and Sn-3.5Ag/Cu 
nanocomposites. 
 
Material                      Microhardness             0.2 %YS                  UTS1               Total failure strain              
                                          (HV)                        (MPa)                    (MPa)                          (%)                                      
Sn-3.5Ag                14 ± 1                     37.8 ± 1.0                44.2 ± 0.3                 45.7 ± 0.6                                
Sn-3.5Ag/1 Cu                   14 ± 1                    30.6 ± 2.4               34.4 ± 3.1                  32.2 ± 4.7                          
Sn-3.5Ag/2 Cu                   18 ± 1                    58.0 ± 3.4               66.5 ± 3.5                 28.1 ± 1.5                          
Sn-3.5Ag/2.5 Cu                19 ± 1                     66.1 ± 3.3               75.7 ± 4.1                18.7 ± 3.0                          
Sn63/Pb372                             NA                          27.23                        NA                             48                                      
Sn96.5/Ag3.52                   NA                          22.45                       26.7                             24                                     
1 UTS: Ultimate Tensile Strength. 
2 Company catalogue provided by QualitekR, USA, 2006. 
 
 Total failure strain (TFS) of all composite samples was found to decrease as the 
amount of reinforcement increased in the solder matrix (see Table 5.2).  This can be 
attributed to the presence of harder reinforcing phase serving as crack nucleation sites, 
resulting in a decrease in TFS under tensile loading conditions. This observation is 
consistent with the observation made by other researchers working on the similar and 
other metal based composite systems [22-27]. 
 
5.2.6 Fracture Behavior 
Representative FESEM micrographs of the tensile fracture surfaces of Sn-3.5Ag and 
Sn-3.5Ag/2.5Cu samples are shown in Fig. 5.5. Fractography of monolithic samples 
exhibited higher evidence of plastic deformation (Fig. 5.5a) when compared to that 
obtained from composite samples (Fig. 5.5b). Between the composite samples no 
significant differences in fracture features were observed.  
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Figure 5.5 Representative FESEM micrographs of the tensile fracture surface of: 




Powder metallurgy technique incorporating rapid microwave sintering can be 
successfully used to synthesize Sn-3.5Ag composites containing nano-size copper 
particulates. Thermal analysis revealed a marginal reduction in the average CTE values of 
the Sn-3.5Ag matrix with increasing volume fraction of reinforcement. Improvement in 
microhardness, 0.2%YS and UTS can be realized for the formulations containing nano-
size copper particulates in excess of one volume percent. Best overall hardness and 
strength characteristics were realized in Sn-3.5Ag lead-free solder reinforced with 2.5 
volume percent copper particulates at the nanometer length scale. 
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Chapter 6    




With the development of solid-state bonding technology and the miniaturization in 
microelectronics, the requirement for solders to have stable microstructure as well as 
excellent mechanical properties has increased [1-4]. The composite approach is an effort 
to improve properties of bulk solders and their soldered joints (both lead-bearing and lead-
free). Certain composite solders have exhibited enhanced strength and other desired 
properties sought by automotive and microelectronics industries [5–17].  
Results of literature search indicate that no attempt has been made to reinforce 
binary Sn-3.5Ag solder using either the technique of microwave assisted powder 
metallurgy or using SnO2 as reinforcement. However, some efforts have been made to 
reinforce Sn-3.5Ag solder with ZrO2, Cu, Co, Ni, Ag, intermetallic particulates and shape 
memory alloy wire using other processing methods [15, 18-26]. 
Accordingly, in the present study, Sn-3.5Ag solder and nano-size SnO2 were used as 
matrix and reinforcement, respectively. Particular emphasis was placed to study the effect 
of increasing presence of SnO2 nanopowder (0.5, 0.7 and 1 volume percent) as 
reinforcement on the physical, microstructural and mechanical properties of a Sn-3.5Ag 
solder. 
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6.2 Results and Discussion 
6.2.1 
6.2.2 
Synthesis of Monolithic Sn-3.5Ag and Sn-3.5Ag/SnO2 Nanocomposites 
Synthesis of monolithic Sn-3.5Ag and Sn-3.5Ag/SnO2 nanocomposites was 
successfully accomplished using PM technique incorporating microwave assisted 
sintering. Macrostructural studies on the sintered billet and extruded rods revealed absence 
of macro defects such as circumferential or radial cracks. These results suggest the 
suitability of hybrid microwave sintering which ensures reduced sintering time without 
affecting the end properties of monolithic and composite samples [27, 28]. Other 
advantages such as lower energy requirement and cost savings make microwave sintering 
an extremely attractive option for the synthesis of advanced materials. 
 
Density Measurements 
The results of density measurements conducted on the extruded Sn-3.5Ag and 
composite samples are shown in Table 6.1. All the density values were very close and this 
was expected due to similar densities of Sn-3.5Ag and SnO2 (Table 6.1). The porosity 
measurement was conducted using the technique of image analysis on monolithic and 
composite samples. The results shown in Table 6.1 confirm that the highest percentage of 
pores exists in the case of Sn-3.5Ag reinforced with 1 volume percent tin oxide. Since it 
appeared that the porosity level is statistically the same for all the formulations, two-
sample t-test at the 95% confidence level was performed. T-test result also shows that 
porosity level does differ in these groups. This is consistent with the observations made by 
other researchers that presence of high amounts of particulates tends to cause porosity 
trapping and deterioration of the properties [8, 29-31]. Quantitative analysis of pore 
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morphology done using Scion Image Analysis system revealed a significant increase in 
pore aspect ratio when the amount of SnO2 was increased from 0.7 to 1 volume percent 
(Table 6.1). 
 
Table 6.1 Results of density, porosity and pores aspect ratio. 
 
Material                        Volume                Density1                Porosity2        Pores aspect ratio3                             
                                         (%)                     (g/cm3)                     (%)                      
Sn-3.5Ag                            0                 7.316 ± 0.006              0.6 ± 0.05            1.3 ± 0.24       
Sn-3.5Ag/0.5 SnO2             0.5             7.309 ± 0.007              0.6 ± 0.19             1.5 ± 0.29                      
Sn-3.5Ag/0.7 SnO2             0.7             7.312 ± 0.009              0.6 ± 0.20             1.6 ± 0.32                         
Sn-3.5Ag/1 SnO2                1.0             7.286 ± 0.009              0.9 ± 0.12             2.7 ± 0.34                        
1 Fifteen samples were quantified in each case. 
2 Scion Image software was used to determine the porosity level. 
3 Around sixty pores were quantified in each case. 
 
 
6.2.3 Microstructure Characterization 
The results of microstructural investigation using Field Emission Scanning Electron 
Microscopy (FESEM) revealed fairly uniform distribution of Ag3Sn intermetallic phase 
and nano-size SnO2 reinforcement particles in the solder matrix (see Fig. 6.1 and Fig. 6.2). 
Near equiaxed grain morphology was achieved in monolithic and composite samples (see 
Fig. 6.1).  
Theoretically, when secondary process with a large enough deformation is 
introduced, homogenous distribution of reinforcement can be achieved regardless of the 
size difference between matrix powder and reinforcement particulates [32]. Therefore, 
reasonably uniform distribution of SnO2 particulates affirms the efficiency of blending 
and extrusion parameters used in this study (see Fig. 6.2). It may be noted that one of the 
essential factor for the extent of strengthening that can be realized in composite materials 
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is the uniform distribution of SnO2 reinforcement in the matrix [8]. X-ray diffractograms 
shown in Fig. 6.3 confirmed the presence of Ag3Sn phase (see also Fig. 6.2) and absence 
of any oxide or other phases. The presence of Ag3Sn in Sn-Ag solders has also been 




































Figure 6.1 Representative FESEM micrographs showing microstructure of: (a) 
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D = 76 nm
D = 74 nm




















Figure 6.2 Representative FESEM micrograph showing distribution of nano 
SnO2 particulates on fracture surface of Sn-3.5Ag/0.7 SnO2. 
 


























Figure 6.3 X-ray diffractograms of monolithic Sn-3.5Ag and composite Sn-
3.5Ag/0.7 SnO2 samples. 
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6.2.4 Mechanical Behavior 
Mechanical properties results of extruded Sn-3.5Ag and Sn-3.5Ag/SnO2 
nanocomposites are shown in Table 6.2. The results of microhardness measurements 
revealed marginal increase (14-21 %) in microhardness value with increasing amount of 
nano-size SnO2 particulates. The results suggest that higher amount of SnO2 in matrix is 
desirable to increase the resistance to localized plastic deformation [34]. The increase in 
hardness in case of composites with the addition of tin oxide was expected due to: (a) 
presence of harder SnO2 nanopowder reinforcement in the matrix and (b) higher constraint 
to the localized matrix deformation due to the presence of nano-size tin oxide particulates 
[35].  
 
Table 6.2 Results of mechanical properties of Sn-3.5Ag and Sn-3.5Ag/SnO2 
nanocomposites. 
 
Material                         Microhardness             0.2 %YS             UTS1          Total failure strain               
                                              (HV)                     (MPa)               (MPa)                       (%)                                    
Sn-3.5Ag                      14 ± 1                   37.8 ± 1.0         44.2 ± 0.3              45.7 ± 0.6                          
Sn-3.5Ag/0.5 SnO2               16 ± 1                  39.8 ± 1.7         46.9 ± 1.8              34.7 ± 1.4                         
Sn-3.5Ag/0.7 SnO2               17 ± 1                  44.6 ± 1.4         58.2 ± 2.1              24.0 ± 0.5                          
Sn-3.5Ag/1 SnO2                  17 ± 1                  40.2 ± 4.2         44.0 ± 4.7              20.8 ± 0.5                           
Sn63/Pb372                                    NA                      27.23                 NA                        48                                      
Sn96.5/Ag3.52                       NA                      22.45                 26.7                       24                                      
1 UTS: Ultimate Tensile Strength. 
2 Company catalogue provided by QualitekR, USA, 2006. 
 
The results of ambient temperature tensile testing revealed that strength 
improvement of Sn-3.5Ag matrix can be realized when the amount of SnO2 as 
reinforcement increases to 0.7 volume percent. Sn-3.5Ag/0.7 SnO2 samples showed 18% 
Development of Lead-Free Nanocomposite Solders for Electronic Packaging  70
 
 Development of Lead-Free Sn-3.5Ag/SnO2 Nanocomposite Solders  
and 31% higher 0.2% YS and UTS, respectively over monolithic samples and 98% and 
118% higher 0.2% YS and UTS (without any change in total failure strain), respectively 
over published values by QualitekR (see Table 6.2).  The improvement in tensile strengths 
in the case of Sn-3.5Ag reinforced with 0.5 and 0.7 volume percent SnO2 nanoparticulates 
can be mainly attributed to: (a) Orowan strengthening mechanism ( OrowanσΔ ) [35, 36, 37] 
due to presence of nano-size tin oxide particulates in the solder matrix, (b) progressive 
increase in dislocation density due to coefficient of thermal expansion (CTE) mismatch 
( CTEσΔ ) [34] between Sn-3.5Ag and SnO2 particulates (3.76 × 10-6/ ºC and 26.4 × 10-6/ ºC 
for SnO2 [38] and Sn-3.5Ag, respectively) and (c) elastic modulus (EM) mismatch 
( EMσΔ ) [34] between matrix and reinforcement (233 GPa for SnO2 [38] compared with 
10 GPa for Sn-3.5Ag).  
The strength of a reinforced matrix can be defined by [34]: 
σσσ Δ+= momy                                                                                                               (6.1) 
Where σmy and σmo are the yield strength of the reinforced and unreinforced matrix, 
respectively. Δσ represents the total increment in yield stress of the reinforced Sn-3.5Ag 
matrix and is estimated by [39]: 
( ) ( ) ( )222 EMCTEOrowan σσσσ Δ+Δ+Δ=Δ                                                                      (6.2) 
However, the results also showed a decline in tensile characteristics of Sn-3.5Ag 
when the amount of SnO2 was increased from 0.7 to 1 volume percent and this can be 
attributed to the highest porosity level as well as highest pores aspect ratio compared to 
other materials (see Table 6.1 and Fig. 6.4). The higher pores aspect ratio in Sn-3.5Ag/1 
SnO2 means presence of sharp edge pores in the microstructure (see Fig. 6.4) convincingly 
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justifying lower tensile properties in this material [40].  In a recent study, Alam et al. [41] 
have shown that increasing the pores aspect ratio in pure tin led to decrease in strength 
consistent with the observation made in this study. The ability of porosity to serve as a 
crack initiation site and to adversely affect strength has been established convincingly for 
both monolithic and composite materials [28, 42, 43]. Moreover, it has been reported by 
other researchers that amount of reinforcement should not exceed the certain amount 



















Figure 6.4 Representative FESEM micrographs showing pores morphology of: 
(a) Sn-3.5Ag, (b) Sn-3.5Ag/0.7 SnO2 and (c) Sn-3.5Ag/1 SnO2. 
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Total failure strain (TFS) of all composite samples was found to decrease as the 
amount of reinforcement increased in the solder matrix (see Table 6.2). This can be 
attributed to the presence of harder reinforcing phase serving as crack nucleation sites, 
resulting in a decrease in TFS under tensile loading conditions. This observation is 
consistent with the observation made by other researchers working on the similar and 
other metal based composite systems [30, 34, 44, 45]. 
 
6.3 Conclusions 
The following conclusions can be drawn from the experimental findings of this part of 
study: 
1. Sn-3.5Ag composites containing SnO2 particulates at nanometer length scale can 
be successfully synthesized using powder metallurgy technique incorporating 
hybrid microwave sintering route. 
2. Microstructural characterization revealed that secondary phase (Ag3Sn) and nano-
size SnO2 particulates were uniformly dispersed throughout the matrix. 
3. The best overall combination in mechanical properties was achieved in Sn-3.5Ag 
reinforced with 0.7 volume percent of SnO2 particulates at nanometer length scale. 
Improvement of 18% in 0.2%YS and 31% in UTS over monolithic Sn-3.5Ag was 
observed. 
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         General Conclusions 
Chapter 7    
Overall Conclusions 
 
9 Pure Sn-3.5Ag 
1. Pure Sn-3.5Ag solder can be successfully synthesized using microwave assisted 
powder metallurgy route.  
2. Highest density, the best pore characteristics (size and roundness), minimum grain size 
and distribution and minimum interparticle spacing of secondary phase (Ag3Sn) can be 
realized in Sn-3.5Ag solder using microwave assisted powder metallurgy route. 
3. Sn-3.5Ag solder samples synthesized using microwave assisted powder metallurgy 
route exhibited the best combination of 0.2% yield strength, ultimate tensile strength 
and work of fracture when compared to unsintered and conventional sintering routes. 
 
9 Sn-3.5Ag/Copper Nanocomposite System 
1. Powder metallurgy technique incorporating rapid microwave sintering can be 
successfully used to synthesize Sn-3.5Ag composites containing nano-size copper 
particulates.  
2. A marginal reduction in the average CTE values of the Sn-3.5Ag matrix with 
increasing volume fraction of reinforcement was realized. 
3. The amount of nano-size copper particles should exceed 1 volume percent to realize an 
improvement in microhardness, 0.2%YS and UTS. 
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4. Uniform distribution of nano-size copper particles in the lead-free solder matrix can be 
achieved through judicious selection of primary and secondary processing parameters. 
5. Sn-3.5Ag lead-free solder reinforced with 2.5 volume percent copper particles at the 
nanometer length scale exhibited best overall hardness and strength characteristics. 
 
9 Sn-3.5Ag/SnO2 Nanocomposite System 
1. Sn-3.5Ag composites containing SnO2 particulates at nanometer length scale can be 
successfully synthesized using powder metallurgy technique incorporating hybrid 
microwave sintering route. 
2. Secondary phase (Ag3Sn) and nano-size SnO2 particulates were uniformly dispersed 
throughout the matrix. 
3. The best overall combination in mechanical properties was achieved in Sn-3.5Ag 


























          Recommendations 
Chapter 8    
Recommendations 
  
This research work has showed the potential of using composite technology in 
electronic solders. Although the technology to produce such composite solders is 
established, in order to use these solders in large-scale manufacturing environment, further 
studies as suggested below can be conducted. 
1. Fatigue tests and drop tests can be conducted to further assess the performance of the 
composite solders. 
2. Although composite solders powder mixture can be mechanically mixed with flux to 
form the composite solder paste, atomization techniques can be developed to convert 
the composite solders directly into a powder form to make the paste.  
3. Methodology for TEM sample preparation can be developed to study the 
microstructure of such composite solders. 
4. The most recent bonding techniques (solid-state bonding) such as thermal 
compression, surface activated, thermosonic and ultrasonic bonding can be performed 
using the developed monolithic and composite materials to investigate the properties 
and microstructure of the joints made of composite solders.   
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APS: 50 nm 
Morphology: Spherical 
True Density: 8.93 g/cm3
Melting Point: 1083 °C 







Mohs Hardness  
@ 20 °C  3.0 
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Tin Oxide (SnO2) 
 
Purity: 99.5% 
APS: 61 nm 
Color: White 
Morphology: Faceted 
Bulk Density: 0.95 g/cm3
True Density: 6.95 g/cm3
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          Appendix C 
Appendix C 
t-Test 
After density measurements, it seems that the density of microwave-sintered, 
conventionally sintered and unsintered samples are almost the same and do not differ. 
Hence, two-sample t-test (statistical test) at the 95% confidence level was conducted. 
After running t-test in Microsoft Office Excel, some values will be given. Among these 
values, p-value is the most important to determine that these groups do not differ or they 
do. If the calculated p-value is less than the threshold chosen for statistical 
significance (0.05 in our study), then the null hypothesis which usually states that the 
two groups do not differ is rejected in favor of an alternative hypothesis, which 
typically states that the groups do differ. According to the t-test results shown in Tables 
1, 2 and 3, the p-value calculated is below the threshold chosen for statistical significance, 
the 0.05 level. Therefore, the null hypothesis that the two groups do not differ is rejected 





Table 1   Two-Sample Assuming Unequal Variances to  
compare MSint & USint 
   
  Variable 1 Variable 2 
Mean 7.315733333 7.273267 
Variance 3.34952E-05 0.002579 
Observations 15 15 
Hypothesized Mean Difference 0  
df 14  
t Stat 3.217546925  
P(T<=t) one-tail 0.003100167  
t Critical one-tail 1.761310115  
P(T<=t) two-tail 0.006200333  
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Table 2   Two-Sample Assuming Unequal Variances to 
compare MSint & CSint 
   
  Variable 1 Variable 2 
Mean 7.315733333 7.3038 
Variance 3.34952E-05 8.27429E-05 
Observations 15 15 
Hypothesized Mean Difference 0  
df 24  
t Stat 4.286799379  
P(T<=t) one-tail 0.000127351  
t Critical one-tail 1.710882067  
P(T<=t) two-tail 0.000254702  





Table 3   Two-Sample Assuming Unequal Variances to 
compare USint & CSint 
   
  Variable 1 Variable 2 
Mean 7.3038 7.273267 
Variance 8.27429E-05 0.002579 
Observations 15 15 
Hypothesized Mean Difference 0  
df 15  
t Stat 2.29190389  
P(T<=t) one-tail 0.018397656  
t Critical one-tail 1.753050325  
P(T<=t) two-tail 0.036795313  
t Critical two-tail 2.131449536   
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